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INTERFERENCE  FRINGES  USED  TO  DETERMINE  RETINAL 
GANGLION  CELL  RECEPTIVE  FIELD  SIZES 


INTRODUCTION 

To  accurately  predict  ocular  damage  thresholds  and  safe  exposure  levels 
for  lasers,  we  must  know  how  the  laser  beam  is  distributed  on  the  retina.  One 
way  of  measuring  this  retinal  point-spread  function  is  to  use  the  receptive 
field  (RF)  of  a  retinal  ganglion  cell  as  a  microprobe  light  detector  and  to 
scan  the  laser  image  across  the  RF  (23).  In  the  Macaca  mulatta  (rhesus)  mon¬ 
key,  the  sustained  color-opponent  ganglion  cells  in  the  foveal  area  have  the 
smallest  RF  centers,  encompassing  only  a  few  cones  at  the  most  and  probably 
only  one  (7).  In  other  words,  the  microprobe  light  detector  in  this  case 
could  be  a  single-cone  photoreceptor.  The  "detector  output"  is  sampled  at  the 
ganglion  cell  level  by  extracellular  recording  methods. 

To  measure  the  retinal  point-spread  function  using  this  technique,  we 
must  first  determine  the  effective  RF  center  diameter.  The  point-spread 
measurements  can  then  be  corrected  for  the  finite  probe  size. 

Many  investigators  have  measured  RF  centers  in  intact  eyes  (13).  In  all 
cases,  however,  these  measurements  included  distortion  due  to  the  optics  of 
the  eye.  To  circumvent  this  problem,  we  devised  a  new  technique  that  involves 
forming  an  interference  fringe  pattern  directly  on  the  retina.  This  tech¬ 
nique  creates  a  retinal  illumination  pattern  that  is  reportedly  unaffected  by 
aberrations  or  defocus ing  of  the  optical  system  of  the  eye  (4,5,22). 

The  pre:..,,.  investigation  is  directed,  therefore,  toward  developing  a 
method  to  determine  the  effective  diameter  of  ganglion  cell  RF  centers  without 
distortion  by  optics  of  the  eye.  This  method  involves  combining  the  inter¬ 
ference  fringe  technique  with  single-unit  recording  of  ganglion  cell  activity 
in  the  rhesus  monkey. 


EXPERIMENTAL  METHODS 

Extracel lular  recordings  from  retinal  ganglion  cells  were  made  in  rhesus 
monkeys. 


Anesthesia 

Initially,  ketamine  hydrochloride  (Vetalar,  5-10  mg/kg)  was  administered 
intramuscularly  to  restrain  the  monkey.  Sodium  pentobarbital  (Nembutal,  20-25 
mg/kg,  I.V.)  provided  surgical-plane  anesthesia  for  the  initial  surgical  pro¬ 
cedures.  Throughout  the  rest  of  the  experiment,  light,  anesthesia  was  main¬ 
tained  by  continuous  infusion  of  pentobarbital  (3-5  mg/kg/hr,  I.V.)  in  5% 
dextrose,  lactated  Ringer's  solution  (4-6  ml/hr).  A  local  anesthetic  (2% 
lidocaine  jelly)  was  applied  at  all  incision  margins  and  pressure  points. 
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Since  the  experiments  required  a  minimum  of  eye  movement,  gallamine  triethio- 
dide  (Flaxedil,  5-10  mg/kg,  I.V.)  was  injected  *very  30  minutes.  The  neuro¬ 
muscular  blockade  was  Interrupted  at  the  end  ot  a  recording  session  and  was 
resumed  the  following  day. 

To  avoid  cumulative  effects  of  fixed  infusion  levels  of  anesthetic  over 
the  three  days  of  the  experiment,  dosages  were  adjusted  to  satisfy  the  follow¬ 
ing  criteria:  (a)  tachycardia  and  transient  hypertension  in  response  to 
strong  noxious  stimuli,  and  (b)  stage  I  or  transition  between  stage  I  and  II 
electroencephalogram  (EEG)  waveforms. 


Physiological  Monitoring 

A  tracheotomy  was  performed,  and  the  animal  was  respired  artificially 
with  a  ventilator  (20  strokes/min,  25-45  cc/stroke).  Expired  pC02  (4-5%)  was 
monitored  continuously  with  a  Beckman  Model  LB-2  medical  gas  analyzer.  The 
pC02  level  was  adjusted  by  changing  the  stroke  volume.  Rectal  temperature  was 
monitored  with  a  thermistor  and  maintained  at  37°  ±  1°C  with  the  aid  of  a 
thermal  blanket.  The  electrocardiogram  (Lead  II),  EEG  (leads  on  posterior 
temporal  and  occipital  areas),  urine  output,  and  mean  arterial  blood  pressure 
were  also  continuously  monitored. 


Stimulus  Systems 

Incoherent  Light  Source--L1ght  stimuli  were  obtained  from  a  150-watt 
xenon  arc  lamp  (color  temperature  ca.  6000°K)  with  two  independent  light  beams 
presented  to  the  eye  in  Maxwellian  view  (see  Fig.  1).  The  wavelength  of  the 
test  beam  was  varied  by  narrow-band  interference  filters  (420-640  nm  in  20-nm 
increments)  with  bandwidths  at  half-maximum  of  10  +  2  nm  and  a  peak  transmis¬ 
sion  of  42%  or  more.  The  interference  filters  were  checked  for  side  bands  in 
a  spectrophotometer  and  calibrated  with  an  EG&G  Model  580  radiometer.  The 
energy  of  the  test  beam  -as  varied  with  neutral  density  filters  that  had  been 
calibrated  in  a  spectrophotometer  and  in  the  optical  system  with  the  radiom¬ 
eter.  Apertures  mounted  on  a  rotatable  wheel  provided  circular  stimuli  that 
were  projected  onto  the  retina. 

A  second  beam  projected  an  adapting  background  light  of  20°  diameter  onto 
the  retina.  This  beam  was  presented  through  a  fiber-optic  cable  and  modified 
fundus  camera.  White  light  was  used  as  a  neutral  background.  Colored  back¬ 
grounds  were  obtained  by  broadband  filters  with  sharp  cutoff  (Rolyn  Optics, 
66.1060  (red,  590-700  nm),  66.1055  (green,  480-580  nm),  and  66.1050  (blue, 
350-490  nm)).  These  filters  were  calibrated  in  a  spectrophotometer  and  in  the 
optical  system  with  a  radiometer  and  inserted  narrow-band  interference  fil¬ 
ters.  Calibrated  neutral  density  filters  modified  the  intensity  of  the  beam. 

Interference-fringe  Generator--S1nusoidal  interference  fringes  were 
generated  on  the  retuia  by  a  modified  version  of  the  Thomas  Young  double¬ 
pinhole  technique.  The  technique  used  In  this  study  is  essentially  like  that 
developed  by  Westheimer  (22). 

A  krypton  laser  (Lasers  Spectra  Physics  Model  170,  530-nm  line)  provided 
the  coherent  light  source.  A  beam  telescope  (BT;  Tropel  Model  280  laser 
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collimator  and  Model  261  spatial  filter)  expanded  the  laser  beam  to  a  diameter 
of  50  mm.  This  collimated  beam  passed  through  an  achromatic  lens  (L7;  focal 
length  of  34  cm)  and  a  Ronchi  ruling  (RR;  300  lines  per  inch).  The  Ronchi 

ruling  broke  the  beam  into  a  series  of  diffraction  spots  that  were  focused  by 

L7  onto  an  iris  diaphragm  (A3).  The  diaphragm  occluded  all  diffraction  spots 
of  second  order  and  greater.  A  small  tapered  needle  (N)  positioned  at  the 
center  of  the  diaphragm  aperture  occluded  the  zero-order  diffraction  spot. 
Hence  this  spatial  filter  occluded  all  but  the  two  fi^s t-order  spots.  These 
two  spots  of  equal  intensity  were  then  imaged  at  the  nodal  point  of  the  ani¬ 
mal's  eye  by  two  achromats  (60-cm  (l8)  and  18-cm  (L4)  focal  lengths).  Where 
the  two  laser  beams  overlap  on  the  retina,  an  interference  fringe  pattern  is 
formed.  The  spatial  frequency  of  this  pattern  varies  inversely  with  the  dis¬ 
tance  between  the  two  images  in  the  nodal  plane.  To  vary  this  distance,  the 
spacing  between  the  Ronchi  ruling  and  L7  was  varied.  The  spatial  filter  (A3  + 
N)  was  then  adjusted  to  pass  only  the  first-order  images.  A  telemicroscope 
was  used  to  monitor  and  set  the  spatial  filter. 

The  interference  pattern  formed  on  the  retina  is  essentially  independent 

of  the  optics  of  the  eye  (4,5,22).  The  intensity  distribution  of  the  inter¬ 

ference  pattern  is  given  by: 

f2ud  sina>, 

I  (x)  =  Ij  +  I2  +  2  ✓  Ij  I2  cos  x 

where 

1 1 ,  I2  =  intensities  of  the  two  beams 

d  =  separation  of  the  two  coherent  sources  at  the  nodal  point  of  the 
eye 

a  =  angular  distance  in  radians  along  the  retina 

X  =  wavelength  of  the  coherent  light 

When  the  two  beams  are  of  equal  intensity,  the  fringes  are  of  unity  con¬ 
trast.  Because  of  the  possible  scattering  of  the  beams  within  the  eye,  the 
assumption  of  unity  contrast  at  the  level  of  the  retina  is  somewhat  idealized. 
The  actual  distribution,  however,  is  not  likely  to  differ  from  this  by  more 
than  a  few  percent  (22). 

The  pattern  on  the  retina  was  rectangular  (3°  x  5°)  with  the  fringes 
oriented  horizontally.  The  spatial  frequency  for  various  positions  of  the 
Ronchi  ruling  was  calibrated  before  each  experiment. 

To  evaluate  the  quality  of  our  interference  fringe  patterns  and  to  model 
the  ganglion  cell,  we  used  an  apertured  photomultiplier  (PM)  tube  as  a  light 
probe.  The  two  first-order  spots  were  imaged  as  in  an  experiment,  except  no 
eye  was  present.  The  PM  tube  was  located  492  cm  from  the  focus  point  of  the 
two  spots.  A  400-um  pinhole  aperture  was  placed  in  front  of  the  PM  tube  to 
model  the  effective  RF  center  of  a  ganglion  cell.  This  aperture  subtended  a 
visual  angle  of  0.28  minute  of  arc.  On  the  rhesus  retina  this  angle  would 
correspond  to  a  1.2-um-diameter  RF  center. 

The  output  of  the  PM  tube  was  connected  to  a  voltage-controlled  oscil¬ 
lator  (VCO;  Wavetek  Model  116)  and  to  a  storage  oscilloscope.  As  the  light 


intensity  hitting  the  PM  tube  varied,  the  frequency  of  the  VCO  sine  wave  out¬ 
put  varied.  This  modelled  the  ganglion  cell  output.  The  VCO  output  was  then 
processed  through  the  pulse  height  discriminator  and  the  computer  to  give 
averaged  histograms. 

In  Figure  2,  A  shows  an  example  of  the  direct  PM-tube  voltage  output  for 
drifting  interference  fringes  with  a  spatial  frequency  of  11.6  cycles /degree; 
8  shows  the  histogram  of  the  pulse-height  discriminator  output  for  the  same 
conditions  as  in  A;  and  C  shows  the  "filtered"  histogram  of  the  pulse-height 
discriminator  output.  The  peak-to-peak  amplitude  in  each  of  these  examples 
varies  by  a  factor  of  about  1.7. 

Figure  3  shows  more  examples  of  filtered,  processed  PM-tube  outputs  for  a 
0.28'  aperture.  The  spatial  frequency  of  the  interference  fringes  in  A  is 
22.4  cycles/degree;  in  B,  11.6  cycles/degree.  The  only  other  difference 
between  A  and  B  is  that  B  was  sampled  for  0.56  second  longer  than  A.  The 
peak-to-peak  amplitude  varies  by  a  factor  of  about  1.8  in  these  examples. 
Hence  these  examples  show  that  the  interference  fringe  patterns  in  our  experi¬ 
ments  are  not  perfect  sinusoids  and  vary  in  peak-to-peak  amplitude. 

Laser  Spot  Sources--The  krypton  laser  (530  nm)  used  for  the  interference 
fringe  generation  and  another  krypton  laser  (Laser2;  647-nm  line)  were  also 
used  to  project  minimal  spots  onto  the  retina.  These  spots  were  used  to  cen¬ 
ter  the  beam  on  the  RF  center.  Calibrated  neutral  density  filters  modified 
the  intensity  of  the  laser  image.  Since  both  beams  were  expanded  by  the  beam 
telescope  to  a  50-mm  diameter  and  since  the  pupil  was  about  8  mm  in  diameter, 
the  distribution  of  the  beam  that  entered  the  eye  was  essentially  uniform. 
The  beam  intensity  at  the  corneal  plane  was  measured  with  a  radiometer  (EG&G, 
Model  580).  During  the  experiments  the  beam  was  continuously  monitored  with  a 
photodiode. 

Both  the  laser  beam  and  the  xenon  beam  were  presented  to  the  eye  via  a 
glass-plate  deflector  mounted  between  the  fundus  camera  and  the  eye.  The 
deflector  and  a  system  of  two  mirrors  displaced  the  beam  on  the  retina  by 
deflecting  the  beam  about  the  horizontal  and  vertical  axes  through  the  nodal 
point  of  the  eye.  The  deflector  system  was  driven  by  two  hydraulic  micro- 
drives  (David  Kopf  Inc,  Model  607W  with  electronic  control  and  display),  con¬ 
trolled  either  manually  or  by  a  PDP  11/03  computer  (25). 


Electrophysiological  Recording 

Borosilicate  glass  capillaries  with  inner  .filaments  were  used  to  make 
microelectrodes  (10-35  Mn  impedance  in  situ).  They  were  pulled  on  a  vertical 
puller  and  then  filled  with  3M  potassium  acetate.  The  reference  electrode  was 
a  stainless-steel  needle  in  the  vitreous  humor.  During  the  experiment,  a 
Faraday  cage  surrounded  the  animal.  The  ganglion  cell  activity  was  recorded 
extracel lularly  by  a  negative  capacitance  electrometer  amplifier  (Stoelting, 
Model  PI)  and  an  AC-coupled  amplifier,  displayed  on  a  storage  oscilloscope, 
stored  on  magnetic  tape,  and  made  audible  via  an  audio  monitor. 

The  stimulus,  beam  deflection,  and  recording  systems  interfaced  with  a 
PDP  11/03  computer  (25).  The  amplified  signal  was  filtered  by  10-kHz  hi-pass 
and  1-kHz  lo-pass  filters.  A  window  discriminator  (W-P  Inst.  Inc,  Model  120) 
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Figure  2.  Photomultiplier  (PM)  tube  output  and  histograms  of  pulse-height 
discriminator  output  for  530-nm  interference  fringes  moving  in  one 
direction.  A:  Photograph  of  oscilloscope  trace  of  PM-tube  volt¬ 
age  output.  The  PM-tube  aperture  was  a  400-um  pinhole  (0.28  min 
of  arc).  Interference  fringes  that  drifted  across  the  aperture 
had  a  drift  frequency  of  2.7  Hz  and  a  spatial  frequency  of  11.6 
cycles/degree.  B:  Histogram  of  PM-tube  output  that  has  been  pro¬ 
cessed  through  a  voltage-controlled  oscillator,  a  pulse-height 
discriminator,  and  a  computer.  Average  of  30  sweeps  in  same 
direction,  10  msec/bin.  C:  Filtered  histogram  of  processed  PM- 
tube  output.  Calibration  bar:  500  msec. 
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Figure  3.  Examples  of  interference  fringe  patterns.  Both  graphs  are  histo¬ 
grams  of  the  processed  PM-tube  output.  Average  of  30  sweeps 

across  a  400-pm  aperture  (0.28')  with  a  drift  frequency  of  2.7 
Hz.  A:  22.4  cycles/degree.  B:  11.6  cycles/degree.  Calibration 
bar:  500  msec. 


was  used  to  generate  a  200-usec,  5-volt  rectangular  pulse  for  each  action 
potential.  These  pulses  were  then  counted  by  the  computer,  and  the  number  of 
pulses  in  each  10-msec  bin  was  stored  on  a  magnetic  disk.  Average  response 
histograms  were  plotted  on  a  graphics  CRT  terminal  on-line. 


Stabil ization  of  Retinal  Tissue 

Retinal  movements  must  be  minimized  before  small  images  can  be  measured. 
Mechanical  disturbances  were  minimized  by  mounting  the  preparation,  preampli¬ 
fier,  lasers,  and  optical  systems  on  a  heavy  Newport  pneumatic  isolation 
table.  The  extraocular  muscles  were  paralyzed  with  gallamine  triethiodide 
(Flaxedil,  10-20  mg/kg/hr,  I.V.)  (18).  Respiratory  and  pulse  movements  of  the 
retina  were  minimized  by  severing  the  trachea  above  the  cannulation,  maintain¬ 
ing  near-normal  intraocular  pressure,  bilateral  cervical  sympathectomy,  cut¬ 
ting  the  carotid  sheath  and  adjacent  connective  tissue,  and  ipsilateral  pneu¬ 
mothorax.  Retinal  movements  were  monitored  by  the  mechanoelectric  transducer 
action  of  the  micropipette  electrode  as  well  as  by  observation  of  <eceptive 
field  displacements  with  time. 


Procedure 

Mydriasis  and  cycloplegia  were  obtained  by  a  combination  of  cyclopen- 
tolate  hydrochloride  (0.2%)  and  phenylephrine  hydrochloride  (1%)  (Cyclomydri 1 ) 
instilled  each  8  hours.  The  animal  was  placed  on  a  platform  (5  degrees  of 
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freedom  of  movement)  and  positioned  in  a  head-holder  so  that  the  fovea  of  the 
left  eye  could  be  seen  in  the  center  of  the  field  of  view  of  the  fundus  cam¬ 
era.  Either  a  suture  was  placed  through  the  eyelid  to  keep  the  eyelid  open  or 
the  eyelid  was  cut  away.  At  the  beginning  of  the  experiment,  a  contact  lens 
was  used  to  protect  the  cornea.  (After  the  microelectrode  was  inserted  into 
the  vitreous,  the  contact  lens  was  removed  and  a  continuous  corneal  drip  sys¬ 
tem  was  set  up.)  A  canthotomy  was  then  performed  on  the  test  eye  and  the  con¬ 
junctiva  was  cut.  A  #64  Beaver  blade  was  used  to  make  a  small  vertical  inci¬ 
sion  in  the  sclera  (at  the  pars  plana)  down  to  the  uvea;  then  a  razor-blade 
knife  was  used  to  make  a  hole  into  the  vitreous.  The  16-gauge  needle  of  a 
special  closed-chamber  system  (24)  was  inserted  into  the  hole,  making  a  tight 
fit,  and  was  left  in  place  to  serve  as  a  guide  for  the  microelectrode.  This 
special  closed-chamber  system  served  to  minimize  vitreal  leakage,  to  anchor 
the  eyeball,  and  to  provide  a  port  for  an  isotonic  saline  column  to  maintain  a 
constant  intraocular  pressure.  The  closed-chamber  system  was  mounted  on  a 
special  microelectrode  positioner  (24)  that  allowed  fine  mechanical  movement 
of  the  microelectrode  and  guide  needle.  The  electrode  could  be  advanced  into 
the  eye  and  moved  along  vertical  and  horizontal  axes  on  the  retina;  the 
scleral  insertion  point  of  the  electrode  was  the  center  of  rotation. 

The  microelectrode  was  inserted  through  the  guide  needle  and  driven 
slowly  back  to  the  retina  with  a  hydraulic  microdrive.  Viewing  through  the 
fundus  camera,  the  investigator  positioned  the  electrode  near  the  center  of 
the  fovea  and  then  positioned  the  stimulus  spot  on  the  fovea.  The  retina  was 
stimulated  every  second  with  a  200-msec  pulse  of  580-nm  light.  The  stimulus 
frequency  and  pulse  width  were  controlled  by  the  computer  through  a  shutter 
driver  (Vincent  Associates,  Uniblitz  Model  300B). 

After  a  ganglion  cell  was  found,  the  approximate  center  of  its  receptive 
field  was  determined  by  moving  the  stimulus  spot  on  the  retina  until  the 
strongest  response  was  evoked.  Then  the  cell  was  studied  with  different 
stimuli  to  characterize  the  cell.  On-cells  with  sustained  color-opponent 
responses  and  concentrically  organized  receptive  fields  were  sought.  Once  the 
cell  was  characterized,  the  laser  was  used  to  form  the  interference  fringe 
pattern  on  the  retina.  Some  cells  were  studied  in  the  presence  of  an  incoher¬ 
ent  adapting  light  of  wavelength  appropriate  to  suppress  selectively  the 
antagonistic  surround  mechanism.  Hence,  by  using  fringes  of  wavelength  spe¬ 
cific  for  the  center  mechanism,  the  receptive  field  center  could  be  evaluated 
in  isolation.  By  deflecting  the  laser  beams  along  the  vertical  axis  around 
the  nodal  point  of  the  eye,  the  interference  pattern  was  moved  up  and  down  on 
the  retina,  i.e.,  in  a  direction  perpendicular  to  the  fringes. 

As  fringe  spacing  was  changed,  the  temporal  (drift)  frequency  of  the 
fringes  across  the  receptive  fields  was  kept  constant  by  keeping  the  drift 
velocity  inversely  proportional  to  the  spatial  frequency  of  the  fringes.  The 
drift  velocity  was  about  2.7  cycles/sec.  That  sustained  ganglion  cells  of  the 
rhesus  respond  to  slowly  moving  sinusoidal  grating  patterns,  modulating  their 
responses  around  the  spontaneous  firing  rate  of  the  cell,  has  been  shown  (20). 

After  in  vivo  point-spread  functions  were  measured,  the  beam  deflection 
apparatus  was  calibrated.  With  the  laser  used  during  the  experiment,  lesions 
were  placed  on  the  retina  at  known  intervals.  After  the  animal  was  euthanized 
by  injection  of  Barb-euthol  (ca.  0.5  cc/kg,  I.V.),  the  intact  eye  was  enucle¬ 
ated,  the  globe  was  opened,  and  a  rectangle  (about  5  mm  x  10  mm)  of  ocular 
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fundus  was  removed,  including  the  area  where  the  calibration  lesions  were 
placed.  The  fundus  strip  was  then  fixed  in  4X  glutaraldehyde  and  mounted 
beneath  a  cover  glass  with  glycerin  jelly.  Rasmussen  has  shown  that  specimen 
shrinkage  due  to  fixation  under  these  conditions  t  uld  be  neglected  (17). 
Finally,  the  fundus  strip  was  examined  under  a  light  microscope  at  35  or  100 
power,  and  the  distances  between  the  centers  of  the  calibration  lesions  were 
measured. 


Determination  of  Receptive  Field  Center  Diameter 

The  overlap  of  two  coherent  laser  beams  on  the  retina  results  in  a  spa¬ 
tial  sinusoidal  oscillation  of  electric  field  across  the  retina.  By  sweeping 
this  spatial  pattern  across  the  RF  center  (e.g.,  a  single  cone)  and  monitoring 
the  ganglion  cell  response  as  a  function  of  spatial  frequency,  we  can  deter¬ 
mine  the  effective  diameter  of  the  receptive-field  center. 

The  laser  beams  overlapping  on  the  retina  will  have  a  sinusoidal  varia¬ 
tion  of  electric-field  strength  and  a  sine-squared  variation  of  intensity  as  a 
function  of  position  on  the  retina.  The  maximum  and  minimum  intensities  that 
a  given  receptive  field  could  measure  as  a  function  of  spatial  frequency  may 
be  computed  as  follows: 

The  light  intensity  on  the  retina  is 


I  =  I,  +  I2  +  2  /  I ,  I2  cos  (2.?fL?ln“)  (1) 

For  small  a,  sina  =  a; 
and  I,  =  I2, 

I  =  21,  [1  ♦  cos  (*£)] 

A 

Using  the  relation  cos  2x  =  2  cos2  x  -  1  and  rearranging  terms 


I  -  21 1  [2  cos2  (l£) ] 

A 

=  41,  cos2  (I*L) 


Let  41,  =  IQ 


x  =  oD  =  distance  on  retina 

D  =  distance  between  retina  and  nodal  point  of  eye 
d  =  separation  of  point  sources  in  the  pupil  plane 
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.  .  I  =  I  cos2  (wx) 

For  intensity  peak  (I+)  at  receptive  field  center, 

2  it  R 

I +  =  /  /I  cos2  (wx)  rdrde 

o  o 

Changing  from  polar  to  rectangular  coordinates 

R  _ 

I+  =  2  J  I  cos2  (wx)  /R2-x2  dx 

_R 

where  R  =  radius  of  receptive  field  center 

For  intensity  minimum  (I~)  at  receptive  field  center 

R  _ 

1“  =  2  J  I  sin2  (wx)  /R2-x2  dx 
_R 

The  measured  intensity  contrast  at  a  given  spatial  frequency  is 

t+_  t- 
C  (R»w)  -  i-J- 
I  +  I 

This  response  contrast,  C,  is  plotted  as  a  function  of  K  =  wR  in  Figure  4. 

Light  from  the  two  separate  point  images  of  the  laser  source  diverges  from  the 
nodal  point  of  the  eye.  Since  the  point  sources  are  coherent,  interference 
occurs  where  their  spherical  wave  fronts  overlap.  From  equation  (1),  the 
angular  separation  of  adjacent  maxima  in  the  retinal  intensity  distribution  is 

9  =  A 
d 

where  e  *  angular  separation  of  adjacent  maxima  in  radians 
\  =  wavelength  of  laser  source 

d  =  separation  of  the  point  sources  in  the  pupil  plane 
The  linear  separation  of  adjacent  maxima,  for  small  9,  is 

y  =  9D 

where  y  =  distance  between  adjacent  intensity  maxima  on  retina  in  units  of  0 
D  =  distance  between  nodal  point  and  retina 


12 


CONTRAST 


Now 


Again, 


XD 
K 

R  =  — 
uf 

For  example,  if  a  contrast  of  50%  (hence,  K  =  1.1)  is  measured  at  a  spatial 
frequency  of  f  =  0.35  cycles/vim  (i.e.,  86  cycles/degree  of  visual  arc),  then 
the  effective  radius  of  the  receptive  field  center  is  1  ym. 


RESULTS 

In  these  experiments,  interference  fringe  patterns  were  moved  across  the 
receptive  fields  of  33  ganglion  cells.  Responses  to  more  than  one  spatial 
frequency  were  recorded  in  only  12  of  these  cells.  Of  these  12  cells,  only  5 
are  described  in  this  paper.  The  data  from  the  other  cells  were  either 
recorded  while  the  corneal  drip  system  was  functioning  or  were  lost  due  to 
computer  failure  during  the  experiment. 

Under  the  stimulus  condition  of  drifting  interference  fringes,  the  lumi¬ 
nance  at  each  point  of  a  cell's  receptive  field  is  modulated  sinusoidally  in 
time  about  some  mean  level.  Because  ganglion  cell  responses  are  the  result  of 
time-dependent  processes  occurring  in  the  retina,  the  temporal  characteristics 
of  stimuli  whose  effects  are  to  be  compared  must  be  the  same.  In  other  words, 
the  temporal  (drift)  frequency  of  luminance  changes  should  be  kept  constant. 
This  is  achieved  for  interference  fringe  patterns  of  different  spatial  fre¬ 
quencies  drifting  at  constant  velocity  if  the  velocity  is  inversely  propor¬ 
tional  to  the  spatial  frequency.  In  our  experiments,  the  drift  frequency  was 
maintained  at  about  2.7  cycles/second.  This  frequency  was  chosen  because  it 
was  in  the  approximate  frequency  region  in  which  maximum  response  amplitude 
had  been  obtained  (10)  and  because  it  was  the  highest  frequency  obtainable 
with  our  hydraulic  microdrive  system  (limited  at  the  lowest  spatial  fre¬ 
quency).  Figure  5  shows  the  responses  of  a  sustained  on-cell  to  530-nm  inter¬ 
ference  fringes  drifting  across  its  receptive  field;  cell  firing  at  the  tem¬ 
poral  drift  frequency  is  periodically  modulated.  A  shows  the  raw  data  histo¬ 
gram,  and  B  the  filtered  histogram  for  comparison.  Thirty  sweeps  in  the  same 
direction  were  averaged  in  the  histogram.  The  contrast  (0.70)  of  the  response 
was  one  of  the  highest  recorded. 

One  problem  encountered  early  in  the  data  collection  was  an  artifactual 
low  contrast  of  responses  to  the  drifting  interference  fringes.  The  low 
contrast  was  caused  by  the  corneal  drip  system.  Figure  6  shows  the  response 
of  a  sustained  on-cell  to  the  fringes  during  the  time  the  cornea1  drip  system 
was  functioning  (A)  and  during  the  time  it  was  off  (B).  The  stimulus  was  the 
same  in  both  cases,  and  the  response  in  A  was  taken  just  before  the  one  in  B: 
it  is  evident  that  the  corneal  drip  obscured  the  cell's  response  to  the 
fringes.  For  subsequent  experiments  the  corneal  drip  was  turned  off  during 
data  collection. 

Figure  7  shows  the  responses  of  a  sustained  on-cell  to  530-nm  interfer¬ 
ence  fringes  of  various  spatial  frequencies.  Again,  the  cell  firing  rate  is 
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Figure  5. 


Figure  6. 


Unfiltered  (A)  and  filtered  (B)  histograms  of  ganglion  cell 
responses  to  drifting  530-nm  interference  fringes.  Average  of  30 
sweeps  in  one  direction.  Drift  frequency  of  2.7  Hz,  spatial  fre¬ 
quency  of  11.7  cycles/degree.  Calibration  bars:  40  impulses/sec, 
500  msec. 
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Effect  of  corneal  drip  on  response  histogram.  A:  Corneal  drip  (9 
drops/min)  was  on  during  response  averaging.  B:  Corneal  drip  was 
off  for  the  2  min  of  response  averaging  (1  min  total  for  each 
direction).  Average  of  30  sweeps  in  one  direction.  Drift  fre¬ 
quency  of  2.7  Hz.  Numbers  at  left  are  the  rms  contrasts  of  the 
response;  numbers  at  right,  the  spatial  frequencies  of  the  inter¬ 
ference  fringes  (cycles /degree).  Calibration  bars:  40  impulses/ 
sec,  500  msec. 
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Figure  7.  Responses  of  sustained,  on-center  ganglion  cell  to  530"nJJ 

^  ference  fringes  drifting  in  one  direction  of  motion.  No  back¬ 

ground  illumination.  Numbers  at  left  are  the  nns  contrast  values; 
numbers  at  right,  the  spatial  frequency  of  the  interference 
fringes  (cycles/degree).  Calibration  bars:  40  impulses/sec,  500 
msec. 


periodically  modulated  at  the  drift  frequency.  the 

latP  its  resDonses  around  the  same  mean  value  (19.1±1.0  impulses /sec)  at  tne 
various  spatial  frequencies.  The  contrast  and  the  amplitude  of  the  responses 
are  clearly  reduced  at  high  spatial  frequencies  and  apparently  reach  a  plateau 
at  the  lowest  spatial  frequencies. 
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Figure  8  is  a  plot  of  the  data  from  Figure  7  and  an  additional  data  point 
from  the  same  cell.  The  additional  data  point  is  the  contrast  at  24.6  cycles/ 
degree.  Thus  two  contrasts  were  obtained  at  this  spatial  frequency,  and  they 
are  in  close  agreement. 


10  20  30 


SPATIAL  FREQUENCY  (CYCLES/DEGREE) 


Figure  8.  Contrast  of  responses  of  sustained,  on-center  ganglion  cell  of 
Fig.  7  vs  spatial  frequency  of  530-nm  interference  fringes 
drifting  across  its  RF  center. 


Figures  9-12  show  the  basic  decrease  in  contrast  with  increasing  spatial 
frequency  for  different  cells,  and  they  show  the  variability  In  the  responses 
and  contrast.  Figures  9  and  10  show  the  responses  of  two  sustained  on-cells 
to  drifting  530-nm  Interference  fringes.  The  two  middle  histograms  of  Figure 
9  are  responses  to  the  same  spatial  frequency. 

Figures  11  and  12  show  the  responses  of  two  color-opponent,  sustained 
on-cells  to  drifting  530-nm  Interference  fringes.  Both  of  these  cells  had  a 
green  center/red  surround.  During  the  experiment  constant  red  background 
illumination  was  used  to  adapt  the  surrounds  out.  Both  figures  show  the 
Initial  decrease  In  contrast  with  spatial  frequency  and  the  variability  of 
responses  to  fringe  patterns. 
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Figure  9.  Responses  of  sustained,  on-center  cell  to  530-nm  interference 
fringes.  No  background  illumination.  (These  responses  are  from  a 
different  monkey  than  those  of  Fig.  7.)  Left  corners:  rms  con¬ 
trast;  right:  spatial  frequency  (cycles/degree).  Calibration 
bars:  40  impulses/sec,  500  msec. 
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Figure  10.  Responses  of  sustained,  on-center  cell  to  530-nm  Interference 
fringes.  No  background  Illumination.  (These  responses  are  from  a 
different  cell  than  those  In  Fig.  9.)  Left  corners:  rms  contrast; 
right:  spatial  frequency.  Calibration  bars:  40  impulses/sec, 

500  msec. 
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Figure  11.  Responses  of  color-opponent  (G/R),  sustained  on-center  cell  to 
530-nm  interference  fringes  with  a  red  background.  Left  corners: 
rms  contrast;  right:  spatial  frequency.  Calibration  bars:  40 
impulses/sec,  500  msec. 


The  middle  histograms  in  Figure  11  are  responses  to  the  same  spatial 
frequency  (17.9  cycles/degree),  yet  their  contrasts  differ  by  a  factor  of 

1.7.  The  first  two  histograms  in  Figure  12  are  responses  to  the  same  spatial 
frequency  (11.6  cycles/degree),  yet  their  contrasts  differ  by  a  factor  of 

1.6.  These  disparities  run  contrary  to  the  close  agreement  in  Figure  8  of  the 
contrasts  at  24.6  cycles/degree. 

The  low  contrasts  (<0. 25 )  observed  for  spatial  frequencies  above  17.9 
cycles/degree  may  be  within  the  noise  level.  As  seen  in  Figures  7,  10,  11, 
and  12,  the  contrasts  for  spatial  frequencies  of  17.9  cycles/degree  and  above 
never  go  below  0.18.  In  Figures  10,  11,  and  12  the  contrast  appears  to  fall 
quickly  to  the  region  between  0.18  to  0.25  and  stay  there  as  spatial  frequency 
increases;  however,  the  qualitative  differences  in  this  low-contrast  region 

are  remarkable.  For  example,  the  periodic  modulation  at  the  drift  frequency 
can  be  seen  in  the  lowest  contrast  (0.18)  point  in  Figure  12  (spatial  fre¬ 
quency  of  22.4  cycles/degree).  On  the  other  hand,  the  modulation  is  not 

apparent  at  31,3  cycles/degree  in  the  same  figure  (contrast  of  0.26)  or  at 
24.6  cycles/degree  in  Figure  10  (contrast  of  0.21).  These  differences  prob¬ 
ably  reflect  differences  *n  RF  size  of  the  cell,  as  well  as  variability  In  the 
cell's  response. 
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Figure  12.  Responses  of  color-opponent  (G/R),  sustained  on-center  cell  to 
530-nm  Interference  fringes  with  a  red  background.  (These 
responses  are  from  a  different  monkey  than  those  In  Fig.  10.) 
Left  corners:  rms  contrast  values;  right:  spatial  frequency. 
Calibration  bars:  40  Impulses/sec,  500  msec. 


Instead  of  using  contrast  as  a  measure  of  the  response,  some  authors 
(11,12,16)  have  used  the  peak-to-peak  amplitude  (Lmax-L^,,).  Figure  13  shows 
the  data  from  Figures  7  and  11  replotted  as  (Lmax-Lm-|n)  vs  spatial  frequency. 
Figure  14  shows  the  replotted  data  from  Figures  9,  10,  and  12.  Both  response 
measures,  l.e.,  contrast  and  peak-to-peak  amplitude,  result  In  very  similar 
plots.  This  reflects  the  fact  that  for  each  cell  at  the  various  spatial 
frequencies,  the  responses  are  modulated  around  the  same  mean  spike  frequency. 
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Figure  13.  Data  from  cells  in  Figs.  7  (+)  and  11  (•)  replotted  as  peak-to- 
peak  amplitude  (Lmax-Lmin  in  spikes/sec)  vs  spatial  frequency 
(cycles/degree). 
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Figure  14.  Data  from  cells  in  Figs.  9  (+),  10  (0),  and  12  (•)  replotted  as 
peak-to-peak  amplitude  (lmx  -  Lmin  In  spikes/sec)  vs  spatial  fre¬ 
quency  (cycles /degree). 
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DISCUSSION 


When  drifting  interference  fringes  were  used  as  a  stimulus,  the  sustained 
on-cells  in  this  study  exhibited  a  periodic  modulation  of  their  firing  rate 
around  the  same  mean  value  for  different  spatial  frequencies.  This  kind  of 
response  resembles  the  responses  of  X-cells  in  the  rhesus  (6)  and  in  the  cat 
(10)  to  drifting  sinusoidal  gratings  focused  on  the  retina.  Responses  to  the 
grating  in  both  animals  were  also  modulated  around  the  same  mean  value  for 
different  spatial  frequencies.  All  of  these  responses  reflect  the  linearity 
of  the  X-cell's  spatial  summation. 

The  results  also  show  that  the  ganglion  cell  response  magnitude  (con¬ 
trast)  depends  on  the  spatial  frequency  of  the  drifting  interference  fringes. 
The  amplitude  of  the  contrast  was  reduced  at  high  spatial  frequencies.  One 
feature  is  of  particular  note.  As  the  spatial  frequency  increased,  the  con¬ 
trast  of  the  response  fell  off  more  slowly  with  interference  fringes  than  with 
sinusoidal  gratings  (6,10).  Figure  15  shows  the  dependence  of  contrast  on 
spatial  frequency  for  sinusoidal  gratings  imaged  on  cat  retina  and  rhesus 
retina,  as  well  as  two  examples  of  our  data  for  interference  fringes.  For  the 
sinusoidal  grating  experiments,  the  contrast  of  the  cat  ganglion  cell  response 
was  down  to  0.5  at  1  cycle/degree  and  below  0.1  at  2  cycles/degree  (10).  The 
contrast  of  the  rhesus  ganglion  cell  response  was  down  to  almost  0.4  at  4 
cycles/degree  and  down  to  almost  0.2  at  9  cycles /degree  (6).  So  the  responses 
to  sinusoidal  gratings  were  down  to  0.2  or  below  before  the  spatial  frequen¬ 
cies  used  in  our  experiments  were  reached. 

At  high  spatial  frequencies,  rhesus  ganglion  cells  respond  better  to 
interference  fringes  than  to  sinusoidal  gratings.  This  phenomenon  is  easily 
explained  by  the  fact  that  interference  fringes  on  the  retina  are  essentially 
independent  of  the  optics  of  the  eye  while  the  sinusoidal  gratings  are  not. 
In  fact,  the  sinusoidal  gratings  were  imaged  by  the  eye's  optics  onto  the 
retina.  Hence,  the  reason  for  the  different  spatial  frequency  dependence  is 
distortion  due  to  the  modulation  transfer  function  of  the  eye's  optics. 

Our  experiments  have  shown  how  the  effective  diameter  of  the  center  of  a 
ganglion  cell  RF  can  be  estimated.  Figure  16  shows  the  contrast  of  the  gan¬ 
glion  cell  responses  plotted  as  a  function  of  the  spatial  frequency  of  the 
Interference  fringe  patterns.  The  smooth  curves  in  each  plot  show  the  theo¬ 
retical  model  predictions  for  the  indicated  effective  RF  radius.  These  curves 
were  fit  by  eye  to  the  data  for  each  cell.  The  effective  RF  radius  was  the 
adjustable  parameter.  The  data  are  consistent  with  effective  RF  radii  of  from 
3.4  to  5.0  um,  and  hence  with  diameters  of  from  6.8  to  10  pm. 

A  simple  calculation  yields  the  possible  number  of  cones  corresponding  to 
these  effective  RF  centers.  Cones  in  the  rhesus  macula  are  arranged  in  a 
tightly  packed,  hexagonal  array  (1,8,15).  The  most  recent  measurements  of 
foveal  cone  densities  and  center-to-center  distances  were  reported  by  Borwein 
et  al.  (2).  Depending  on  location  within  the  fovea,  the  cone  densities  range 
from  32,000  to  248,000  cones/mm2,  and  the  cone  center-to-center  distances 
range  from  2  to  5  pm.  Their  data  are  consistent  with  the  measurements  of 
Polyak  (15),  Rolls  and  Cowey  (19),  Young  (26),  Boycott  and  Kolb  (3),  and  Adams 
et  al.  (1).  Assuming  perfect  hexagonal  packing,  their  cone  center-to-center 
distances  imply  cone  densities  of  30,800  to  192,000  cones/mm.  The  latter 
values  were  used  in  the  following  calculations. 
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Figure  15.  Contrast  of  ganglion  cell  responses  vs  spatial  frequency  from  cat 
sinusoidal  grating  data  {•)  derived  from  Enroth-Cugell  and  Robson 
(10),  from  rhesus  sinusoidal  grating  data  (+,  x, ■)  derived  from 
DeMonasterio  (6),  and  from  our  interference  fringe  data  in  Figs.  7 
(A)  and  11  (o).  All  sinusoidal  grating  data  fall  below  10  cycles/ 
degree;  all  interference  fringe  data  fall  above  10  cycles /degree. 


By  computing  the  area  of  the  effective  RF  and  multiplying  by  the  extremes 
of  cone  density,  the  number  or  range  of  cones  within  the  effective  RF  center 
can  be  estimated.  Within  the  effective  RF  center  with  a  3. 4-um  radius,  there 
are  1-7  cones,  depending  on  the  cone  density  and  therefore  the  position  within 
the  fovea.  Within  the  effective  RF  center  with  a  5-um  radius,  there  are  2-15 
cones,  depending  on  density  and  position. 
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Figure  16.  Contrast  of  ganglion  cell  responses  vs  spatial  frequency.  The 

smooth  curves  are  the  theoretical  model  predictions  for  the  indi¬ 
cated  effective  RF  radius  (R).  A— data  from  same  cell  as  in  Figs. 
7  and  8;  B— cell  in  Fig.  11;  C— cell  in  Fig.  9;  0— cell  in  Fig. 
10;  E--cell  in  Fig.  12.  Calibration  bars:  0,5  contrast,  20 
cycles/degree. 


These  valuer,  for  the  number  of  cones  within  the  RF  center  are  maximum 
values  because  the  estimation  assumes  that  all  cones  within  that  area  contrib¬ 
ute  to  the  ganglion  cell  response.  However,  for  most  color-opponent  cells, 
the  RF-center  response  is  mediated  by  a  single-color  cone  type,  usually  green 
or  red  cones  (7).  Any  given  area  of  retina  will  have  a  mixture  of  cone  types; 
therefore,  not  all  cones  in  that  area  will  contribute  to  the  ganglion  cell 
response.  To  a  first  approximation  in  the  foveal  region,  any  given  area  will 
have  equal  numbers  of  green  and  red  cones  and  essentially  no  blue  cones. 
Hence,  a  revised  estimate  of  the  number  of  cones  within  the  RF  center  is  1-3 
cones  in  the  3.4-ym-radius  RF  and  1-7  cones  in  the  5-pm-radius  RF  center. 

A  number  of  experimental  areas  need  to  be  extended  and  improved.  One  of 
the  most  important  areas  of  needed  improvement  is  the  interference  fringe  gen¬ 
erator.  In  the  low  spatial -frequency  range,  there  are  inherent  difficulties 
in  using  the  Ronchi-rul ing  technique  to  produce  symmetrical  interference  frin¬ 
ges  free  of  harmonics  and  irregularities  (9).  Hence,  another  technique  for 
generating  interference  fringes  should  be  used,  perhaps  the  Moire  pattern 
technique  (14)  or  the  holographic  phase  grating  technique  (21). 
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Because  of  the  physical  aperture-size  limitations  in  our  equipment  and 
the  above-mentioned  problems  with  the  Ronchi-ruling  approach,  our  setup  could 
not  achieve  spatial  frequencies  below  10  or  11  cycles/degree.  A  significant 
extension  of  the  data  to  lower  spatial  frequencies  could  be  made  by  using  a 
different  technique  for  generating  interference  fringes. 

Another  improvement  to  the  present  studies  would  be  to  use  a  criterion 
response  to  measure  contrast  sensitivity.  Signals  from  cone  photoreceptors  to 
X-ganglion  cells  are  effectively  linearly  related  to  the  incident  illumination 
(6,10).  Also,  the  incoming  cone  signals  are  linearly  summed  within  the  center 
and  within  the  surround  regions  (6,10).  However,  it  is  the  sensitivity  of  the 
ganglion  cell,  and  not  its  response,  that  is  linearly  related  to  the  stimulus 
magnitude  (10).  Therefore  if  the  contrast  required  to  evoke  a  criterion 
response  from  an  X-cell  is  determined  for  various  spatial  frequencies,  an 
estimate  of  the  relative  contrast  sensitivity  function  can  be  obtained.  In 
effect,  this  will  yield  the  spatial  contrast  transfer  function  of  the  linear 
mechanisms. 
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